Climate has warmed substantially in interior Alaska and several remote sensing studies have documented a decadal-scale decline in the normalized difference vegetation index (NDVI) termed a 'browning trend'. Reduced summer soil moisture due to changing climatic factors such as earlier springs, less snowpack, and summer drought may reduce boreal productivity and NDVI. However, the relative importance of these climatic factors is poorly understood in boreal interior Alaska. In this study, I used the remotely sensed peak summer NDVI as an index of boreal productivity at 250 m pixel size from 2000 to 2014. Maximum summer NDVI was related to last day of spring snow, early spring snow water equivalent (SWE), and a summer moisture index. There was no significant correlation between early spring SWE and peak summer NDVI. There was a significant correlation between the last day of spring snow and peak summer NDVI, but only for a few higher elevation stations. This was likely due to snowmelt occurring later at higher elevations, thus having a greater effect on summer soil moisture relative to lower elevation sites. For most of boreal interior Alaska, summer drought was likely the dominant control on peak summer NDVI and this effect may persist for several years. Peak summer NDVI declined at all 26 stations after the 2004 drought, and the decline persisted for 2 years at all stations. Due to the shallow rooting zone of most boreal plants, even cool and moist sites at lower elevations are likely vulnerable to drought. For example the peak summer NDVI response following the 2004 drought was similar for adjacent cold and warm watershed basins. Thus, if frequent and severe summer droughts continue, moisture stress effects are likely to be widespread and prolonged throughout most of interior boreal Alaska, including relatively cool, moist sites regardless of spring snowpack conditions or spring phenology.
Introduction
Over the past 50 years, the highest rate of climate warming in North America has occurred in Alaska and Northwest Canada (Clegg and Hu 2010). This warming has led to substantial physical and biological changes in Alaska including record sea-ice retreat and autumn warming ( Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. and tree ring measurements, Beck et al (2011) suggested that water availability has increasingly limited boreal productivity in interior Alaska since the 1980s.
With climate warming, earlier melting of snowpack may also lead to soil moisture deficits occurring earlier in the growing season, resulting in a decline in summer peak NDVI (Grippa et al 2005 , Trujillo et al 2012 . For example, in a North America boreal study, Buermann et al (2013) found a strong correlation (R>0.50) between date of spring thaw and summer peak NDVI for the Western boreal regions of North America. In a field experiment to exclude summer rain, Yarie (2008) concluded that in low elevation upland sites near Fairbanks, melting snowpack was a major source for tree growth that may have buffered any effect of the exclusion of summer precipitation. Barihivich et al (2014) also claimed that changes in snow dynamics appear to be more important than increased evaporative demand in controlling summer NDVI in moisture-sensitive regions of the circumpolar boreal forest.
In this study, I investigated the interannual pattern of peak summer NDVI in relation to spring snow conditions and summer climatic conditions from 2000 through 2014. Since decline in boreal productivity in this region has been interpreted as sign of widespread drought stress (Beck et al 2011, Juday et al 2014, Walker et al 2014), I expected summer maximum NDVI to have a positive correlation with early spring snow water equivalent (SWE) and with spring date of last snow. I also expected a positive relationship between summer maximum NDVI and a summer moisture index. Since microclimate strongly controls soil moisture, I also investigated the pattern of peak NDVI following a major drought event within a relatively warm nearly permafrost-free basin compared to an adjacent colder basin dominated by permafrost.
Materials and methods

Study area
The study area was interior boreal Alaska where a decadal scale declining NDVI trend has been documented by several studies using several different sensors (Verbyla 2008 , Parent and Verbyla 2010 , Beck et al 2011 , Baird et al 2012 . The area is bounded to the North and South by large mountain ranges resulting in a West-to-East maritime-to-continental climate gradient. Eastern and central interior Alaska has a growing season that is warmer and drier relative to much of the North American boreal zone (Juday et al 2014). During summer drought, daily temperatures can exceed 26°C and total summer precipitation can be less than 50 mm, with daylight exceeding 20 h figure 1(a) ) within the study area. These locations were buffered by 10 km, and summer peak NDVI values were extracted from within each buffer to compare with the 1 April (early spring) measured SWE values from 2000 to 2014.
The effect of 1 April SWE on soil moisture was investigated. Soil moisture data at 5-50 cm from Bonanza Creek Experimental Forest, near Fairbanks (http://lter.uaf.edu/data.cfm) were available from 2003 to 2012. These measurements were recorded hourly using a CS615 water content reflectometer and converted to volumetric percent water content using the Topp's equation. For this study, only measurements with a quality control value of 'Good' were used and the daily mean soil volumetric water percent was computed from the hourly measurements from observed day of budburst through the end of August.
Within this region there were 26 climate stations that had precipitation and temperature data for the 2000-2014 period. These stations were buffered by 10 km for this study ( figure 1(b) ). A buffer size of 10 km was used to represent precipitation which typically varies more than temperature. For example, Fairbanks and Big Delta climate stations both occur on the Tanana River floodplain and are within 100 km of each other. The 1997-2014 correlation between these two stations was stronger for mean summer temperature (Pearson's r=0.95) relative to total summer precipitation (r=0.71). In boreal Canada, Kljun et al (2006) also found significant variability in precipitation over 80-100 km during a major regional drought period. The 10 km buffers did not overlap, thus each buffer represented different NDVI pixels. The climate stations included remote automated weather stations and primary weather stations (Western Regional Climate Center, www.wrcc.dri.edu). Summer (June, July, and August) mean temperature and summer total precipitation were obtained for the years 1997-2014. These values were normalized as a difference from the mean, divided by the standard deviation. The normalized summer temperature was then subtracted from the normalized summer precipitation as a moisture index ( Low sun angle throughout the year results in less energy reaching slopes with North-facing aspects than slopes with South-facing aspects. In this study, the C3 basin is cold predominantly North-facing basin, with black spruce and permafrost dominating, while the C2 basin is relatively warm with aspen-birch forest and is nearly permafrost-free (Petrone et al 2006). I expected the peak summer NDVI response to differ between these basins, with relatively greater decline in NDVI due to drought effects expected in the warmer basin.
Processing remotely sensed data
Two MODIS Land Products were used in this study: NDVI and snow extent. These products are available globally from 2000 to present. The MODIS 250 m NDVI product version 5 (Huete 2002) was used in this study, downloaded from http://earthexplorer.usgs. gov/. This product is based on the MODIS sensor onboard the Terra satellite (MOD13Q1, 2000 (MOD13Q1, -2014 and Aqua satellite (MYD13Q1, 2002 (MYD13Q1, -2014 as NDVI composites every 8 days. The H11V02 global tile covering interior Alaska (figure 1) was reprojected using nearest neighbor resampling to the Alaska Albers Equal Area NAD83 projection at 250 m pixel size. Only pixels with NDVI product reliability value of zero (good quality) were used in this study. To minimize the effect of unvegetated pixels and partially vegetated pixels, only pixels with an MODIS NDVI of at least 0.4 were used in this study. Forested pixels typically had maximum summer NDVI values above 0.8 for broadleaf forest and above 0. Elevation data were downloaded from the National Elevation Dataset website (http://ned.usgs. gov/) and reprojected into the Alaska Equal Albers projection to match the NDVI and day of last snow pixels. Elevation zones were then delineated in increments of 100 m up to 1000 m which is above tree line for the study area.
Within each 10 km climate station buffer, the mean maximum summer NDVI was computed and related to the moisture index and to spring day of last snow for each year, and as a lagged response of 1, 2 and 3 years. The Pearson's r correlation coefficient was computed as a one-tail test with the alternative hypothesis of r>0, since there was an expected positive correlation between summer maximum NDVI with summer moisture, spring day of last snow, and spring SWE.
3. Results and discussion 3.1. Interannual relationship between maximum summer NDVI and spring snow In this study there was no significant (p<0.10, n=15 years) correlation between 1 April SWE and peak summer NDVI (table 1). These results may have been due to snowmelt in April occurring over mostly frozen soils, while variability of May rain events had a greater impact on late spring soil moisture. For example, at Bonanza Creek Experimental Forest, near Fairbanks, there was no significant relationship between 1 April SWE and soil moisture at the beginning of June (figure 2). High spring snowpack may have a negative effect by extending the period that roots remain frozen, while warm spring air temperatures increase evaporative demand of coniferous species (Berg and Chapin 1994). In a carbon isotope study of Alaskan black spruce, Walker et al (2014) found that after winters of high snowpack, black spruce trees were more moisture stressed, particularly on North-facing slopes and they attributed this to high snowpack delaying the start of growing season and impeding photosynthesis due to colder spring soil temperatures.
In the Sierra Nevada Mountains of California, Trujillo et al (2012) found a significant positive relationship between measured SWE and maximum summer NDVI, with the relationship strongest at waterlimited mid-elevations. Later snowmelt may have delayed and reduced summer drought effects, because later spring would correspond with lower spring evapotranspiration, and later snowmelt could be an important soil moisture source during the summer drought period.
The boreal soils of interior Alaska differ substantially compared to the Sierra Nevada. At even relatively warm sites, these boreal soils freeze down greater than 1500 cm. Due to cold soils over 85% of fine root biomass is typically in the upper 30 cm of the soil profile (Yuan and Chen 2010). Due to slowly warming soils, there is typically substantial lag between budburst in mid-May and maximum fine root growth rate in mid-July (Ruess et al 2006). In a remote sensing study across the North American boreal forest, Buermann et al (2013) identified a dominant adverse influence of earlier spring on peak summer NDVI across drier Western and central regions, including the study area of interior Alaska. In this study, most stations had negative or weak correlations between summer maximum NDVI and spring day of last snow (table 2). The few stations with a significant positive correlation occurred at higher elevations ( figure 3) . This was likely due to later snowmelt at higher elevations, thus having a greater effect on summer soil moisture relative to lower elevation sites. For elevation zones within the entire study region, the relationship between mean summer maximum NDVI and mean day of last snow was negative for zones below 500 m (>70% of interior boreal Alaska), and positive at higher elevations (figure 4).
To further test that at lower elevations, later springs were not correlated with higher maximum NDVI, spring ice-out records from Nenana, elevation 110 m (Sagarin and Micheli 2001) and observed day of budburst from Fairbanks, elevation 140 m (http:// lter.uaf.edu) were obtained and compared with mean summer maximum NDVI from 10 km buffers at these locations. There were no significant correlations between summer mean maximum NDVI and the observed metric of ice-out or spring budburst (figure 5).
In this study, there was no dominant influence of earlier spring or heavier snowpack on peak summer NDVI at lower elevations. This was likely due to snowpack having limited effect on summer soil moisture. For example, at Bonanza Creek Experimental Forest, near Fairbanks, the 1 June soil moisture at 5-50 cm was not significantly related to date of spring budburst or 1 April SWE ( figure 2, figure 6 ). It is likely that summer drought dominates any effect of increased soil moisture from heavy snowpack (figure 7). However, the effect of snowmelt on soil moisture during summer drought would likely be greater at higher elevations due to snowmelt occurring closer to the [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] . Correlations with p-value <=0.10 are in bold, n=15 years. MODIS snow extent pixels were 500 m, n>1150 pixels within each 10 km buffer. All 26 stations had a non-significant (p>50) correlation between maximum summer NDVI and summer moisture index (table 3) . This was likely due to a lagged response of NDVI to growing season climate. The stations with significant correlations (p <=0.10) had a NDVI lag of 1 or 2 years (table 3). This lag is consistent with tree-ring study results in boreal Alaska with a 1-2 year lagged response of ring growth to temperature and precipitation Following the 2004 drought, the interannual pattern of mean maximum NDVI was remarkably similar within the within the colder C3 (permafrost-dominated) basin and the warmer C2 (mostly permafrostfree) basin of the Caribou-Poker Creek Research Watershed ( figure 9) . This was likely due to the effect of regional temperature-induced drought stress. 
Conclusion
Consistent with previous tree ring studies in interior Alaska, there was a consistent NDVI lag of 1 to 2 years in response to a summer climatic moisture index, and to an extreme drought of 2004. Temperature-induced drought stress is likely a dominant factor controlling interannual peak NDVI throughout most of interior boreal Alaska. The effect of extreme droughts such as 2004 likely persists for several years, even on cool and moist sites at lower elevations. At higher elevations, the later spring snowmelt may influence peak summer NDVI, possibly due to snowmelt occurring closer to the summer period at higher elevations. Over 70% of interior boreal Alaska occurs at elevations below 500 m, and peak summer NDVI is likely more affected by summer climate than spring snow conditions in these areas. In this study, at elevations below 500 m, there was no significant correlation between maximum summer NDVI and spring phenology metrics, spring SWE, or day of last spring snow.
